The pressure as a function of volume and temperature has been investigated for B2-type NaCl over the pressure range of 20-360 GPa and at temperatures between 300 and 3000 K. The simulations were performed using ab initio molecular dynamics method within the density-functional theory framework. A Vinet equation of state fitted to the 300 K data yielded a bulk modulus of B Ta = 128.66 GPa and a pressure derivative of B Ta Ј = 4.374 at standard state pressure of 30 GPa. The thermal pressure contribution was determined to be of the form ⌬P th = ͓␣B T ͑V a ͒ + ͑‫ץ‬B T / ‫ץ‬T͒ V ln͑V a / V͔͒⌬T. When ␣B T ͑V a ͒ is assumed to be constant, the fit to the data yielded ␣B T ͑V a ͒ = 0.0033 GPa/ K at standard volume, corresponding to the pressure of 30 GPa. In contrast, the volume dependence of the thermal pressure was very small, and fitting yielded ͑‫ץ‬B T / ‫ץ‬T͒ V = 0.000 87.
I. INTRODUCTION
The high pressure and temperature properties of solids are important both in theory and in application. For instance, the thermal properties of matter at high pressure and temperature are essential in the study of the interior of the Earth in geophysics and for the study of the evolution of stars in astrophysics. A particular difficulty with performing experiments at high pressure is knowing what the pressure in the experiment actually is. NaCl is one of the most widely used internal pressure standards in high pressure diffraction experiments due to the availability of accurate experimental data. For instance, the equation of state for B1-type NaCl has been investigated in several studies up to the limit of its stability. [1] [2] [3] [4] [5] [6] [7] [8] It is also known that the B1-type NaCl is only stable up to a pressure of about 30 GPa, where the occurrence of a pressure-induced phase transition from B1 type ͑rocksalt͒ to B2-type ͑cesium chloride͒ has been reported. [9] [10] [11] [12] [13] [14] [15] Although it is experimentally possible to study the B2-type NaCl at elevated pressures, its equation of state has not been investigated well yet, especially at high temperatures. This, therefore, limits the use of NaCl as a pressure standard to relatively low pressures and temperatures. Therefore, the P-V-T equation of state reported in this article will be fundamentally important for extending its scientific and engineering applications including its usefulness as a pressure calibrant.
It is the purpose of this paper to present the equation of state for B2-type NaCl using ab initio molecular dynamics simulation, which has been shown to be a successful approach for the prediction of quantitative thermodynamic data for a wide class of crystals. Below, we will present the equation of state for B2 NaCl over a wide range of pressures and temperatures.
II. METHODS
The electronic structure was calculated using the projector augmented wave implementation of the densityfunctional theory using the Vienna ab initio simulation package ͑VASP͒. [16] [17] [18] For the exchange-correlation potential, the PW91 functional 19 was used in the generalized gradient approximation ͑GGA͒ calculations. The core radii are 2.5 a.u. for Na and 1.9 a.u. for Cl. A plane-wave cutoff of 262.4 eV was used. The ab initio molecular dynamics ͑AIMD͒ simulation at constant volume was carried out using 54 atoms for the B2-type NaCl and 64 atoms for the B1-type NaCl. We used a single k point, the ⌫ point, for sampling the Brillouin zone. To validate the use of the ⌫ point, we performed ground state calculations of the lattice constant, bulk modulus, and cohesion energy both for a primitive unit cell at 220 k points ͑a 20ϫ 20ϫ 20 Monkhorst-Pack shift grid͒ and for a simple cubic supercell containing 54 atoms ͑equivalent to 27 primitive unit cells͒ at the ⌫ point. The results obtained from the two calculations showed no significant discrepancy and are in agreement with experimental data. The number of atoms was found to be satisfactory, as discussed in more detail below. Our AIMD simulations were performed in the ͑ N, V, T͒ ensemble and the Nosé thermostat 20 was used to keep the temperature constant with a time step of 1 fs. The computation time to reach equilibration varied among configurations and depended on the starting atomic positions, velocities, temperature, and pressure. After the confirmation of equilibrium of the system ͑3-10 ps͒, the pressure and temperature of the system were calculated. In order to assess the reliability of our method, the elastic properties of B1-type NaCl were also calculated and compared with the elastic properties which have been reported in a number of experimental studies. 
III. METHOD OF ANALYSIS
The form of the most appropriate equation of state for solids has been discussed in many previous studies ͑e.g., Refs. 21 and 22͒. One of the general forms of the equation of state for solids is P͑V,T͒ = P͑V,0͒ + P th ͑V,T͒. ͑1͒
P͑V , T͒ represents the total pressure P at volume V and temperature T. The first term on the right side of Eq. ͑1͒ is the pressure-volume relationship at 0 K, and the second term is the thermal pressure. In general, the difference in pressure between a reference state and a high P-T state is an important quantity. The equation of state can be written as follows:
The subscript a denotes the reference state. In this equation, the pressure change from the reference condition to higher P-T conditions can be obtained from the change in pressure due to the isothermal compression at ambient temperature and the thermal pressure change due to an isochoric temperature change. In this article, we have used the Vinet equation of state 23 for the first term on the right hand side of Eq. ͑2͒,
where B Ta is the isothermal bulk modulus, and B Ta Ј is ͑‫ץ‬B T / ‫ץ‬P͒ T at ambient temperature. Experiments on a wide range of materials have shown that the thermal pressure term P th on the right hand side of Eq. ͑2͒ often takes a simple linear form, P th = ␣B T ⌬T, when the temperature is higher than the Debye temperature. 22, 24 In general, ␣B T is both temperature and volume dependent. When the temperature dependence of ␣B T is negligible, Anderson et al. 24 yielded
where ␣ = ͑1 / V͒͑‫ץ‬V / ‫ץ‬T͒ P is the volume thermal expansion coefficient, and ͑‫ץ‬B T / ‫ץ‬T͒ V is the temperature derivative of the isothermal bulk modulus at constant volume. Finally, Eq. ͑2͒ can be written as 
This equation was used to fit the P-V-T data from AIMD calculated in this study. The fitting of thermoelastic parameters was performed by the least squares fit using the ORIGIN 7.5 software package. In the first step, parameters of isothermal compression ͑V a , B Ta , and B Ta Ј ͒ were determined using data at 300 K. Then, parameters of the thermal pressure due to the isochoric temperature change ͓␣B T ͑V a ͒ and ͑‫ץ‬B T / ‫ץ‬T͒ V ͔ were refined using data at high temperatures.
IV. RESULTS AND DISCUSSION
In density-functional theory ͑DFT͒, one of two approximations to the exchange-correlation energy are usually used. One of them is the local density approximation ͑LDA͒, which has been used over the past 30 years. The other is the GGA, which includes several different functionals. We tested these two different approximations for the exchangecorrelation functional, the LDA 25 and the GGA known as PW91. 19 At first, we calculated the volume-pressure relationship of B1-type NaCl at 0 K to assess both approximations. The primitive unit cell ͑eight atoms͒ at 6 ϫ 6 ϫ 6 k-point grid was used to calculate the volumes and pressures. Figure 1 shows the comparison between our calculations and the experimental study. The calculated volumes of GGA are slightly larger than those observed by experiments. In contrast, LDA underestimated the volume significantly compared with experiments. The comparison of bulk moduli is shown in Table I . Our LDA calculation is inconsistent with the experimental observations. The calculated bulk modulus is much larger than those from experimental studies, and the calculated volume at ambient pressures is lower than experimental values. In contrast, our GGA calculation is in good agreement with experiments. Therefore, we used GGA in our AIMD simulations to calculate the volume-pressure relation for NaCl. An AIMD simulation for B1-type NaCl was also carried out at 300 K. We used a cubic supercell containing 64 atoms ͑equivalent to eight primitive unit cells͒, a plane-wave cutoff of 262.4 eV, and ⌫ point sampling. The calculated volume and bulk modulus from the AIMD simulations are in excellent agreement with experimental values ͑Table I͒. This further indicates that the AIMD simulations using GGA is suitable to investigate the equation of state for NaCl. Figure 2 shows the comparison between our calculations and experimental based P-V-T data 7 at high temperatures.
Pressure deviations are less than 1 GPa at pressures of 0 -26 GPa, corresponding to the stability field of B1-type NaCl. As the deviation among previous equations of states ͑EOSs͒ based on the experimental data 1,7 was ϳ0.5 GPa, our calculations using GGA are consistent with the EOSs for B1-type NaCl reported by previous studies. Next, we calculated the volume-pressure relation of B2-type NaCl at 0 K using both LDA and GGA. A cubic supercell containing 16 atoms ͑equivalent to eight primitive unit cells͒ at 4 ϫ 4 ϫ 4 k-point grid was used. Table II shows the comparison between our results and calculations from previous theoretical studies. Our calculations are in general agreement with those reported in previous studies. In our simulations, the bulk modulus from LDA calculations was larger than that from GGA calculations. This result is consistent with what we found for B1-type NaCl.
We also investigated the transition pressure from B1 to B2 type using both LDA and GGA at 0 K. The enthalpy was obtained directly in our calculations from 
͑6͒ where E is the internal energy. Table III shows transition pressures between B1-and B2-type NaCl from our simulation and previous studies. The transition pressure from GGA is almost the same as that for LDA and is consistent with those from previous simulations ͑Table III͒. The experimentally reported transition pressures ͑27-31 GPa͒ are slightly higher than those from our simulations ͑25 GPa for GGA and 26.5 for LDA͒. Figure 3 shows an example of pressure and temperature fluctuations in the AIMD simulation for B2-type NaCl. The thermostatic temperature was 2000 K. After ϳ1 ps, this system reached an equilibrium state, and no displacement from the equilibrium state was observed up to 50 ps. Typical ranges of fluctuation for temperature and pressure were 500 K and 2 GPa at 2000 K, respectively. We tested the adequacy of the 3 ϫ 3 ϫ 3 supercell by simulations with different system sizes, 2 ϫ 2 ϫ 2 and 4 ϫ 4 ϫ 4 supercells. The results from the 2 ϫ 2 ϫ 2 supercell showed the large difference compared to the 3 ϫ 3 ϫ 3 and 4 ϫ 4 ϫ 4 supercells. For example, the thermal pressure from 300 to 2000 K for the 2 ϫ 2 ϫ 2 supercell was 40% smaller than those for other supercells. In contrast, no significant discrepancy between the 3 ϫ 3 ϫ 3 and the 4 ϫ 4 ϫ 4 supercells was observed. This indicated that converged results could be obtained from the 3 ϫ 3 ϫ 3 supercell simulation.
Next, we calculated the volume-pressure relation of B2-type NaCl at 300 K using both LDA and GGA. A cubic 3 ϫ 3 ϫ 3 supercell containing 54 atoms ͑equivalent to 27 primitive unit cells͒ at the ⌫ point grid was used. Figure 4 shows the volume-pressure relations of our calculations and experimental data from our previous study. 15 The bulk modulus from LDA calculations is significantly larger than that from experimental data. In contrast, GGA calculations agree with experimental data. This also indicated that GGA is suitable for the investigation of the equation of state for B2-type NaCl.
The P-V-T data of B2-type NaCl were calculated in the ranges of 14-288 GPa and 300-2500 K using AIMD simulations by GGA ͑supplemental material 31 ͒. Most of the data were calculated in the stability field of B2-type NaCl to avoid uncertainty from being in a metastable state. Figure 5 shows the fitted isothermal compressibility curves at 300, 1500, and 2500 K. We fitted the P-V data of 300 K with the Vinet equation of state ͓Eq. ͑3͔͒. A least squares fit yielded an isothermal bulk modulus B Ta and its pressure derivative B Ta Ј of 128.66 GPa and 4.374, respectively, at the reference pressure of 30 GPa. It is known that GGA tends to predict volumes that are slightly too large. As the overestimated volume compared to experimental data 15 is 0.66 Å 3 at 30 GPa and 300 K, we simply reduced all the calculated volumes by this amount when fitting to the equation of state.
We used the thermal pressure equation of state ͓Eq. ͑5͔͒ to analyze the P-V-T data. The results of the fit for our P-V-T data to Eq. ͑5͒ are listed in Table IV . ␣B T ͑V a ͒ and ͑‫ץ‬B T / ‫ץ‬T͒ V were 0.0033 and 0.000 87, respectively. ⌬P th of B2-type NaCl was insensitive to volume change because ͑‫ץ‬B T / ‫ץ‬T͒ V was very small. Table V lists the pressure at selected compressions and temperatures based on the equation of state in this study. As B1-type NaCl is the stable phase at the low pressure and low temperature region, data at this region are omitted. Moreover, the region above the melting temperature of NaCl is also omitted.
In conclusion AIMD simulations can be used to predict the temperature and volume dependence of pressure for the ionic crystal. Thus, in the absence of any accurate experimental data, our results may now enable the use of B2-type NaCl as an in situ pressure standard for experimental studies at pressures and temperatures beyond the stability field of B1-type NaCl.
